Latarcin 2a (ltc2a, GLFGKLIKKFGRKAISYAVKKARGKH-COOH) is a short linear antimicrobial and cytolytic peptide extracted from the venom of the Central Asian spider, Lachesana tarabaevi, with lytic activity against Gram-positive and Gram-negative bacteria, erythrocytes, and yeast at micromolar concentrations. Ltc2a adopts a helix-hinge-helix structure in membrane mimicking environment, whereas its derivative latarcin 2aG11A (ltc2aG11A, GLFGKLIKKFARKAISYAVKKARGKH-COOH), likely adopts a more rigid structure, demonstrates stronger nonspecific interaction with the zwitterionic membrane, and is potentially more toxic against eukaryotic cells. In this work, interactions of these two ltc2a derivatives with supported "raft" lipid bilayer (1,2-dioleoyl-snglycero-3-phosphocholin/egg sphingomyelin/cholesterol 40/40/20 mol%) were studied by in situ atomic force microscopy in order to investigate the potential anticancer activity of the peptides since some breast and prostate cancer cell lines contain higher levels of cholesterol-rich lipid rafts than non-cancer cells. Both peptides induced reorganization of the raft model membrane by reducing line tension of the liquid ordered phase. Ltc2aG11A induced membrane thinning likely due to membrane interdigitation. Formation of large pores by the peptides in the bilayer was observed. Cholesterol was found to attenuate membrane disruption by the peptides. Finally, leakage assay showed that both peptides have similar membrane permeability toward various model membrane vesicles.
Introduction
Antimicrobial peptides (AMPs) are innate host defense components present in various organisms to defeat a wide spectrum of pathogens, including bacteria, viruses, and fungi. AMPs are typically short amphipathic peptides containing both cationic and hydrophobic amino acid residues [1] [2] [3] [4] [5] [6] . Over 1200 AMPs have been discovered but the mechanisms of actions remain uncertain [4] . Various models-such as barrel-stave, toroidal, and carpet-have been proposed, with the ShaiMatuszaki-Huang model being the most comprehensive [3] [4] [5] [6] . In summary, the Shai-Matuszaki-Huang model explains that the peptides carpet the membrane and the insertion causes area expansion of the outer leaflet and membrane thinning. The strain between outer and inner leaflets generates tension within the bilayers resulting in toroidal pores, which allow transportation of peptides and lipids into the inner leaflet. The peptides can then diffuse onto intercellular targets or cause physical disruption and collapse of membrane, both of which result in cell death [3] .
Various studies have shown that AMPs share similar properties with cationic amphiphilic anticancer agents that can be categorized into two classes: agents toxic to both bacterial and cancer cells but not mammalian non-cancer cells, and agents toxic to all cell types, including mammalian non-cancer cells [7, 8] . Cancer cell membranes contain more anionic molecules, such as phosphatidylserine lipids and O-glycosylated mucins [7, 8] . Thus cationic anticancer agents preferentially bind to such anionic membranes through nonspecific electrostatic interaction. In addition, cancer cells contain higher numbers of microvilli-minute projections of the cell membrane-providing a larger surface [7, 8] and were also shown to be more fluid than membranes of normal cells, making them more susceptible for disruption by anticancer agents [9] . Thus differences in lipid composition, fluidity, and surface area between normal and cancer cell membranes contribute to the activity and efficiency of anticancer agents.
Recently, a new family of antimicrobial peptides called latarcins was purified from the venom gland of the Central Asian spider Lachesana tarabaevi [10] . Seven structurally unrelated groups of short linear cysteine-free membrane-active peptides that are lytic to Gram-positive and Gram-negative bacteria, erythrocytes, and yeast at micromolar concentrations were identified [10] . A 26 amino acid residue peptide latarcin 2a (ltc2a, GLFGKLIKKFGRKAISYAVKKARGKH-COOH) has broad-spectrum antibacterial activity against Gram-positive and Gram-negative bacteria with MIC values in the micromolar range [10] , while having moderate hemolytic activity toward human erythrocytes with an EC 50 in the 3 to 6 μM range [11, 12] . Both molecular dynamics simulation and NMR data indicate that ltc2a adopts a helix-hinge-helix structure in a small micelle with N-terminus helix embedded in the micelle and C-terminus laying on the membrane [13, 14] . However, in a larger micelle, molecular dynamics simulations showed that two helices of ltc2a are angled 150º apart and lie peripherally on the membrane [14] . To investigate membrane binding and rupturing by ltc2a, in a previous study we compared ltc2a to its mutant ltc2aG11A, GLFGKLIKKFARKAISYAVKKARGKH-COOH and found that by replacing glycine 11 with alanine at the hinge region, a more rigid peptide with reduced conformational flexibility is obtained. The mutant ltc2aG11A has stronger nonspecific interaction with zwitterionic cell membranes, thus potentially leading to higher toxicity against eukaryotic cells [15] .
It has been suggested that cholesterol in eukaryotic cell membranes prevents the cytolytic effect of antimicrobial agents [16] . Membranes with higher cholesterol levels had decreased rate of peptide insertion [17] . At the same time, Li et al. suggested that some breast and prostate cancer cell lines contain higher levels of cholesterol-rich lipid rafts than non-cancer cells [18] , pointing at the relevance of raft supported lipid bilayers (SLBs) for modeling cancer cells. Enriched in cholesterol and sphingolipids, rafts have been characterized as detergent-resistant domains due to their insolubility in detergents such as Triton X-100 [19, 20] . These microdomains are involved in regulating various cellular functions [18, 19] . Therefore in this study we investigated the interactions of ltc2a derivatives with supported raft lipid bilayers and lipid vesicles in order to gain further understanding of the mechanism of action of ltc2a, and its cytotoxic and potential anticancer properties.
Materials and methods
1,2-Dioleoyl-sn-glycero-3-phosphoethanolamine (DOPE), 1,2-dioleoyl-sn-glycero-3-phospho-(1′-rac-glycerol) (sodium salt) (DOPG), 1,1′,2,2′-tetramyristoyl cardiolipin (sodium salt) (CL), 1,2-dioleoyl-snglycero-3-phosphocholin (DOPC), egg sphingomyelin (SM), and cholesterol (Chol, ovine wool, >98%) were purchased from Avanti Polar Lipids Inc. (Alabaster, AL). Latarcin 2a (>95.1% purity) and latarcin 2a G11A (>95.4% purity) were synthesized by Gen Script Corporation (Piscataway, NJ). Stock solutions of the peptides were prepared in the required concentration in 18.2 MΩ cm −1 Milli-Q water. 6-Carboxyfluorescein (CF) was from ACROS Organic (NJ). Calcein and ascorbic acid were from SigmaAldrich (Oakville, ON). Tris, EDTA, Triton X-100, and ammonium molybdate were purchase from Bioshop (Burlington, ON). [21, 22] . The liposomes were prepared by dissolving appropriate amounts of lipids in chloroform followed by solvent evaporation under a stream of nitrogen. The samples were kept in vacuum for at least 24 h to ensure complete removal of the solvent. The lipid films were hydrated for 30 min in Milli-Q water or leakage buffer (10 mM Tris-HCl, 150 mM NaCl, 1 mM EDTA pH 7.45) containing 70 mM CF/ calcein, for AFM imaging and leakage assay, respectively, to obtain the final lipid concentration 1 mg/mL. The hydration temperature was 50°C for raft model and 40°C for other model membranes. For AFM imaging, lipid suspension was vigorously stirred followed by sonication with Elma S10H Elmasonic at 50°C. For leakage assay, the lipid suspension was sonicated at 40°C for 5 min followed by extrusion through 200 nm polycarbonate membrane (Nuclepore Track-Etch membrane, Whatman) 31 times at 40°C. Five freeze/thaw cycles were then performed to maximize CF/ calcein encapsulation. Free CF/ calcein was separated with a Sephadex G-50 size exclusion column using leakage buffer for equilibrium and elution.
Liposome preparation

Atomic force microscopy (AFM) imaging
Topography images of supported lipid bilayers were obtained in contact mode with an Ntegra (NTMDT, Russia) atomic force microscope at room temperature with 512× 512 points per image and 0.7 Hz scanning rate. A 100× 100 μm 2 scanner and rotated monolithic silicon cantilevers (450 μm-long, force constant 0.2 N/m ContAl, resonance frequency 13 kHz; Budget Sensor) or silicon nitride V-shaped cantilevers (100 μm-long, force constant 0.27 N/m, 30 kHz; Budget Sensor). The supported lipid bilayers were formed on freshly cleaved mica substrates sealed with a silicon O-ring in a fluid cell by adding 1 mL PBS, 40 μL of 1 M CaCl 2 and 1 mL of 1 mg/mL lipid vesicles. After incubating at room temperature for 50 min, the fluid cell was rinsed with Milli-Q deionized water or with 150 mM NaCl solution to remove excess vesicles. To investigate the role of cholesterol model cell membranes composed of DOPC/ SM 50/50 mol% was used. Peptide was injected directly into the fluid cell by incrementally adding 15 μL of 0.29 mg/mL solution (this corresponds to increasing the total peptide concentration in the 2 mL cell by 0.3 μM) up to 0.9 μM. AFM images (10 × 10 μm 2 ) were threaded into sequential video (1 s per frame with 0.9 s cross dissolve transition between each image) using an iMovie application. The Z scale in the images was 6 nm; for some final images in the videos~20 nm. Scale bar in each video is 2 μm.
Leakage assay
Leakage experiments were performed as described previously [23] by using 2 mL of CF or calcein-containing vesicles diluted 20 times with the leakage buffer on a Varian Cary Eclipse spectrofluorometer. Excitation and emission wavelengths were between 475 to 490 nm, and 510 to 525 nm, respectively, slits were 2.5 nm, and integration time was 1.5 s. The baseline fluorescence (F 0 ) was monitored until steady signal intensity was reached before the addition of peptide. After the peptide was added, the fluorescence signal intensity was monitored for 10 min or until no further changes were observed. The final fluorescence signal intensity (F) was then measured. The maximum fluorescence signal that corresponds to complete the disruption of the vesicles (F M ) was measured by adding 20 μL of 10% triton X-100 to the mixture at the end of each experiment. Fluorescence intensity was monitored for 5 min. The following formula was used to measure the leakage fraction: % leakage =[(F−F 0 )× 100%]/ (F M − F 0 ). Lipid phosphorus concentration was determined using a phosphate assay [24] .
Results and discussion
Raft domains in supported lipid bilayers visualized by atomic force microscopy
The formation of microscale domains in the raft mixture has been extensively studied over the past decade. It is now well established that sphingomyelin can form both inter-and intra-molecular hydrogen bonds with other lipids and cholesterol whereas phosphocholine (PC) lipid could only be the acceptor for hydrogen bonding [25, 26] . In addition, intramolecular hydrogen bonding between SM molecules also limits the lateral diffusion and rotational motion of SM and indirectly strengthens the interaction with Chol [25] . Moreover, Chol preferentially interacts with SM and other sphingolipids due to their structure and the saturation of the hydrocarbon chain [27] . As a result when supported by a freshly cleaved mica SM/DOPC/Chol forms a phase separated SLBs with SM and Chol in liquid ordered (L o ) phase that is 0.5-1 nm higher than DOPC in the liquid disordered (L d ) phase (Fig. 1) [20, 25, [27] [28] [29] . The location and size of domains remain relatively constant over the 60 min period after the addition of 30 μL of deionized water or 150 mM NaCl solution. However, the detergent resistant 5 nm domains were visualized after treatment with 0.28 mM Triton X-100 (Fig. 1) , consistent with previous studies [20, 30] . These supported lipid bilayers therefore represent a convenient model to investigate the activity of various bioactive peptides, such as latarcins.
Peptides reduce line tension and reorganize morphology of supported lipid bilayer
A number of studies have shown that peptides preferentially insert into loosely packed L d phase than into L o domains and change raft morphology [28, 31, 32] . For example, addition of an antimicrobial peptide indolicidin and cell-penetrating peptide TAT remodeled raft SLBs by reducing the line tension and causing lipid association [28] . Binding and insertion of apoptosis regulator Bax-derived peptide to raft SLBs released curvature stress at the domain interface causing domain expansion [31] . Addition of a myristoylated cationic peptide for neuronal growth and plasticity NAP-22 caused L o domains to coalesce [32] .
As ltc2a was shown to be toxic to human erythrocytes as well as to erythroleukemia K562 cells with EC 50 values 3.4 μM and 3.3 μM, respectively [11] , it can be considered a potential anticancer agent. The peptide demonstrated time and stage dependent erythrocyte membrane reorganization leading to the formation of pores 2 to 13 nm in diameter. In the case of cancer K562 cells, ltc2a insertion induced bleb formation and swelling accompanied by formation of 4 nm pores leading to membrane disintegration [11] . Therefore, it was of interest to investigate the effect of both ltc2a derivatives on the raft SLBs.
The measurements were performed in deionized water and in 150 mM NaCl, since the antimicrobial activity of some peptides was found to depend on salt concentration [33] [34] [35] [36] [37] . Before the peptide addition raft bilayers contained circular L o domains (Figs. 2-5 , A, E, and Videos 1-8, initial frames) indicating that among the factors affecting domain size distribution (line tension, entropy, and electrostatic interaction [38, 39] ), line tension is the dominant.
The peptide was then added to the model bilayer and sequential images were recorded. The first set of measurements was performed by incrementally increasing the peptide concentration in the solution from 0.3 to 0.9 μM (Figs. 2-3, Videos 1-4) . Initially after the peptide addition small aggregates or pores appear in the L d phase (Fig. 3B and F) , and subsequently L o domains become irregular, expand and coalesce (Figs. 2D, G, 3C, F, Videos 1-4) suggesting reduction in line tension. The effect becomes more apparent with time and increasing peptide concentration. It also appears that the morphology changes faster in deionized water ( Fig. 3C , G, Videos 2, 4) than in high salt medium (Fig. 2C, G, Videos 1, 3) , and for ltc2aG11A (Figs. 2G, 3G, Videos 1, 3) than for ltc2a. Association with the peptide causes an imbalance of uniformly distributed lipid molecules; therefore lipid bilayer reorganizes to restore new equilibrium between the peptide and the lipid. Detected morphological changes of the bilayer were somewhat different in high salt medium (150 mM NaCl). For example, in the case of ltc2aG11A, both cluster formation and disruption started in L d phase (Fig. 3F , G, and Video 1) in deionized water but not in NaCl medium (Fig. 2F , and Video 3). It is known that NaCl compacts lipid bilayers with sodium ions tightly bound to the carbonyl oxygen of, on average, three lipid molecules [40, 41] . This reversible process has been observed in SLB composed of various lipids such as PC, POPE, and E. coli lipid extract [42] . Previous studies have also shown that sodium ions strongly interact with carbonyl oxygen in the peptide backbone and carboxylate group of amino acid side chain [43, 44] . This decreases the hydrogen bonding of peptide with water and therefore the peptide preferentially inserts into the hydrophobic environment. Thus in the presence of NaCl, the peptide may deform which can facilitate the formation of complex with lipid molecules, followed by distortion and solubilization of SLB.
Results of the present AFM experiments confirm membrane disintegration by ltc2a (Figs. 2D, H, 3G , and Videos 1-4) observed before [11] . However, no previously mentioned small pores were detected, likely due to limitations of AFM imaging.
Oligomerization may contribute to the peptide activity
In our previous preliminary study small aggregates of latarcin 2a in phospholipid bilayer surface were detected [15] . Similar aggregates were also observed in the present study (for example, Fig. 3F and Video 1 at 142 min) suggesting the potential role of peptide clustering on the activity of latarcins. Such oligomerization was found to affect the selective binding of NAP-22 peptide to cholesterol rich domains [45] .
When deposited from a 0.9 μM solution onto freshly cleaved mica and imaged in air ltc 2a was found to form small nanoscale aggregates 1-1.5 nm high (Fig. 4) . Therefore, in the second set of experiments the peptides were added to the bilayer in higher initial concentration (0.6 μM) (Figs. 5, 6 , Videos 5-8) to test the effect of potential latarcin oligomerization on the bilayer. At this peptide concentration disruption dynamics is fairly slow, enabling time resolved AFM studies of latarcin activity (Videos 1-4) .
Upon peptide addition L o domains expanded and coalesced both in NaCl (Fig. 5, Videos 7, 8 ) and in deionized water (Fig. 6, Videos 5, 6 ), similar to experiments with peptide at lower concentration. However, some differences between the two were observed.
In the NaCl medium, ltc2a formed clusters in both L o and L d phases while the L o phase expanded and coalesced around the clusters. This was followed by slow L o cluster dissociation and membrane solubilization (Fig. 5A-D, Video 8) . Without NaCl compacting SLBs, ltc2a created defects and solubilized both L d and L o phases, followed by slow L o domain expansion and coalescence (Fig. 6A-C, Video 6 ). By scanning a 1×1 μm 2 area with high speed and high force we were able to obtain a 5 nm deep hole for ltc2a/bilayer in deionized water indicating that ltc2a "freezes" the zwitterionic SLBs after peptide/lipid complex formation (Fig. 6D) as described by Polyansky et al. [14] .
In comparison, ltc2aG11A in NaCl medium does not form pores or defects ( Fig. 5E-H, Video 7) , whereas in aqueous solution it immediately forms stable pores in L d phase followed by rapid L o domain expansion and coalescence (Fig. 6E-G, Video 5) . It is qualitatively similar to the behavior of ltc2a in NaCl medium, although on a smaller scale. In the case of ltc2aG11A, the SLBs appeared to be more fluid as a 5 nm deep "hole" could not be obtained and was covered by the expanded L o phase (Fig. 6H) .
Thus, when the initial peptide concentration in solution is increased, some variations in the mechanism of action are detected suggesting potential initial peptide aggregation in solution followed by dissociation in a membrane.
Ltc2aG11A induced membrane thinning
An interesting observation was made for ltc2aG11A in deionized water. Large (50-100 nm) stable pores were detected after the addition of~0.6 μM ltc2aG11A to the raft SLBs (Fig. 6F-H, Video 5) . A reduction in the membrane thickness was also observed before complete membrane solubilization in all cases (Figs. 3G, 5H, Videos 1, 3, 7). After scanning a small area with high force through an extended period of time, for example following the Fig. 3H image, we were unable to see any traces (unlike Fig. 6D and H) suggesting that the lower phase is mica rather than L d phase of the lipid bilayer. Therefore, we concluded that after the addition of ltc2aG11A membrane thinning occurs followed by complete membrane solubilization. The thickness of the remaining L o domains is in the range of 1.8 to 2.2 nm (Figs. 3G and 4H ). This is more than a lipid head group (~0.9 nm) or a single helix (1.1 to 1.5 nm) [15, 46] . At the same time it is less than a single monolayer of~2.5 nm. Membrane thinning has been previously observed for various peptides: magainin 2, gramicidin, MSI-78, indolicidin, curcumin, and saposin C [28, [46] [47] [48] [49] [50] . The underlying mechanism of peptide-induced membrane thinning includes membrane interdigitation, complex formation between a single leaflet and peptides, and peptide induced asymmetric bilayer with lipid flip-flop [29] . It is unclear what mechanism is responsible for membrane thinning in the present study. However previous studies indicated membrane thickness of 1.5 to 1.9 nm for interdigitated domains [47] suggesting this as the preferred mechanisms for ltc2aG11A.
Cholesterol attenuated the effect of the peptides
Interactions between latarcins and bilayers composed of DOPC/SM 1:1 was investigated to observe the effect of Chol on ltc2a activity. The morphology of the bilayer in the absence of peptides (Fig. 7A, E) is similar to that observed previously [51] . When ltc2a was added in a final concentration of 0.6 μM defects in the DOPC phase of the bilayer were observed (Fig. 7B) . The size of the defects increased with time. SM domains (higher phase) coalesced and eventually were solubilized (Fig. 7C, D) . In the case of ltc2aG11A, the peptide disrupted DOPC/SM bilayer already at 0.3 μM. Cholesterol is known to induce the formation of micrometer size L o phase domains with SM in biological membranes. Previous studies have shown that cholesterol decreased binding and insertion of some antimicrobial peptides-and thus decreased their antimicrobial activitieseven in the presence of anionic lipids [52] [53] [54] . This could explain the disappearance of defects in raft SLBs (Fig. 6B) while the defects in DOPC/SM SLBs formed and increased in size (Fig. 7B ).
Leakage assay demonstrated the antimicrobial and hemolytic activity of both peptides
Latarcins are known to exhibit antimicrobial and hemolytic activity, and have different specificities [11] . To measure the lytic activities of ltc2a and ltc2aG11A on five model membranes in vesicles, leakage assay was used. To assess the magnitude of their antimicrobial spectrum both latarcins were tested against the following model membranes: gram-negative bacterium E. coli, and gram-positive bacteria, S. aureus (methicillin-resistant S. aureus-MRSA) and B. subtilis. The mammalian model was chosen as a positive control, representative of human red blood cells [55] , and the raft model was chosen to represent cancer cells, as cancer cells are more abundant in lipid rafts than healthy cells [18] . It was found that both peptides have lytic activities on all five membranes (Fig. 8) . This is observed by the increase in fluorescence measured from the sample upon peptide addition, which infers fluorescent dye leakage from the ruptured lipid vesicles. When it comes to bacterial model membranes, ltc2a was found to have high lytic activity, and performed similarly with all three. Ltc2aG11A was also found to have high lytic activity, although slightly greater than ltc2a, towards E. coli and B. subtilis but lower towards S. aureus (Fig. 8C, D , and E). This could suggest that the lytic activity of ltc2aG11a is correlated with the content of DOPE; replacing glycine at position 11 with alanine does not lead to a decrease in amphipathicity but does result in a more rigid structure that interacts with zwitterionic model cell membranes more efficiently, thus explaining higher activity [15] . This was also shown with the peptide piscidin 1 when two glycines were replaced with alanines [56] .
There was no notable difference between the activities of both peptides toward the raft model membrane at high peptide concentrations, however, at low concentrations ltc2aG11A showed slightly stronger lytic activity (Fig. 8A ). Yet, in comparison to the mammalian model (Fig. 8B) , both peptides had greater lytic activity toward the raft model. This suggests that the presence of SM may have a stronger effect on the peptides activity than DOPE. As discussed earlier and observed in in situ AFM, SM promotes peptides aggregation and the formation of irreversible transmembrane pores, which could contribute to higher leakage in the raft model. Overall, the data of leakage assay correlate sufficiently well with the AFM measurements.
Conclusion
In this work, we examined the role of the hinge in ltc2a peptide by in situ AFM and vesicle leakage assay. Both latarcin 2a derivatives induced membrane reorganization by reducing line tension of the liquid ordered phase upon association of the peptides. The presence of 150 mM NaCl did not notably decrease the peptide activity but slightly altered the mode of action. Ltc2aG11A induced raft membrane thinning possibly due to membrane interdigitation. Both latarcin 2a derivatives are likely to form oligomers in solution that may alter the mechanism of peptide action. Cholesterol was found to attenuate peptide-induced membrane disruption. This observation somewhat contradicting previously observed anticancer activity of ltc2a, suggests that other factors in the membrane structure of cancer cells, for example charge, increased surface area, or morphology rather than higher abundance of cholesterol are responsible for such peptide activity. More rigid ltc2aG11A exhibited slightly higher membrane lytic activity than the wild type ltc2a.
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